ABSTRACT: The Grayburg Formation (Late Permian, Guadalupian) is a shallow-marine succession flanking the Delaware and Midland basins of Texas and New Mexico, U.S.A. The Grayburg exemplifies the facies heterogeneity imparted by cyclic interbedding of siliciclastic and carbonate rocks from lithologically diverse, inner-ramp to outer-ramp facies assemblages. High-resolution correlation and mapping of laterally continuous Grayburg strata exposed in the Brokeoff Mountains, New Mexico, allow the stratigraphic architecture, facies distribution, and lateral variability to be characterized in detail. This study provides an outcrop analog for stratigraphically equivalent subsurface reservoirs and comparable carbonate-ramp reservoirs that accumulated during periods of low-amplitude sea-level fluctuations.
INTRODUCTION
The need to understand, characterize, and model reservoir heterogeneity at all scales has been the impetus for detailed outcrop studies directed towards development of reservoir analogs. In the Permian Basin, outcrop investigations of the San Andres Formation, one of the most productive units (Fig. 1) , demonstrate the application of sequence stratigraphic principles for high-resolution correlation and facies mapping (Sonnenfeld 1991; Kerans et al. 1994; Kerans and Fitchen 1995) . Such outcrop studies illustrate the hierarchy of different stratal surfaces and the landward and seaward facies shifts that define the sequence stratigraphic framework. These studies also document the utility of stratigraphic analysis for characterization of geologic heterogeneity in subsurface reservoirs.
Reservoirs in the Grayburg Formation display considerable heterogeneity due to cyclic interbedding of diverse assemblages of shallow-water, mixed carbonate, and siliciclastic facies. Because depositional fabrics are well preserved in these dolomitized carbonates and quartz sandstones, porosity and permeability are a function of the original depositional fabric (e.g., Lucia 1995) . Consequently, characterization of petrophysical heterogeneity requires detailed stratigraphic analysis, correlation, and facies mapping.
The data and interpretations presented here are based on description, analysis, and mapping of laterally continuous exposures of Grayburg strata on Plowman Ridge and West Dog Canyon in the Brokeoff Mountains . Closely spaced measured sections, photomosaics, and physical tracing of stratal surfaces and facies established detailed chronostratigraphic correlations for high-frequency cycles and component lithofacies for up to 6.5 km along depositional dip. Threedimensional outcrop views exposed in West Dog Canyon by incised meanders and opposite canyon walls, and correlations with strata on Plowman Ridge, 1.0 km across depositional strike, allow the threedimensional facies heterogeneity to be characterized in detail.
A major contribution of this study is delineating lateral facies variability within the context of a reliable, high-resolution chronostratigraphic framework. Lateral heterogeneity reflects both larger-scale systematic facies changes (e.g., due to water depth, platform position, accommodation trends) and interwell-scale (meters to hundreds of meters) heterogeneity arising from geologic complexity. Interwell-scale heterogeneity is difficult to recognize with subsurface data, although simulations based on outcrop-derived petrophysical data demonstrate that such variability strongly influences flow behavior in carbonate reservoirs (Grant et al. 1994; . Outcrop analogs thus constitute an essential knowledge base for constructing realistic threedimensional reservoir models from one-dimensional well data and stratigraphic interpretations. Consequently, outcrop analogs such as the Grayburg provide an important tool for reservoir geologists tasked with characterizing and modeling subsurface heterogeneity.
GEOLOGIC SETTING
The Guadalupian (Late Permian) Grayburg Formation is a shallowmarine, mixed carbonate-siliciclastic succession on the periphery of the Delaware and Midland basins (Fig. 2) . In the Guadalupe Mountains area, the Grayburg ranges in thickness from 80 meters in the most landward exposure on top of the San Andres platform to more than 365 meters along the Western Escarpment (Fekete et al. 1986; Ward et al. 1986 ). The numbered areas are the 21 major Grayburg fields (more than 10 million barrels production) that occur along the Central Basin Platform, the northern shelf of the Delaware Basin, and the Ozona Arch. The outcrop study area is on the northwestern shelf of the Delaware Basin.
al. 1989; Kerans and Nance 1991; Kerans et al. 1992; Kerans et al. 1993 ). This study focused on flat-lying Grayburg strata that accumulated landward of the shelf margin (Figs. 3, 4) . This is a depositional setting similar to that of major Grayburg fields (Fig. 2) . The Grayburg Formation grades basinward into fine sandstones and siltstones of the Cherry Canyon Formation and passes northward, towards the craton, into evaporites, eolianites, and terrigenous red beds (Silver and Todd 1969; Meissner 1972; Nance 1988) .
The Permian is a period of transitional sea-level cyclicity between the high-amplitude (60 to 100 m) glacial-eustatic icehouse fluctuations of the Pennsylvanian (e.g., Crowley and Baum 1991; Soreghan and Giles 1999) and the low-amplitude (less than 10 m) eustatic greenhouse fluctuations of the Triassic (Goldhammer et al. 1990 ). The Permian Basin is a foreland that developed during the Pennsylvanian-Early Permian collision between Laurentia and Gondwana (Horak 1985; Yang and Dorobek 1992) . The Grayburg was deposited during the passive margin phase of tectonic quiescence.
Paleogeographic reconstructions for the Middle to Late Permian place the Permian Basin on the Pangea supercontinent at 0u to 5u N latitude (Scotese and McKerrow 1990; Lottes and Rowley 1990; Coffin et al. 1992) , north of the equatorial-aligned tectonic highlands of the Hercynian orogenic belt (Coffin et al. 1992) . Despite the equatorial setting, arid conditions in western North America are indicated by widespread Guadalupian-age dolomites, evaporites, eolianites, and terrigenous red beds (Silver and Todd 1969; Meissner 1972) . Assembly of the Pangea supercontinent and orogenic uplift disrupted the wet equatorial easterlies bearing moisture from Tethys, creating a rain shadow in central Pangea (Scotese and McKerrow 1990) . Paleoclimate modeling (Parrish and Peterson 1988; Parrish 1993 Parrish , 1995 suggests that a monsoonal atmospheric circulation system developed. During the Northern Hemisphere winter, a high-pressure cell developed over the cold northern landmass, resulting in northeasterly winds (Parrish and Peterson 1988; Parrish 1993 Parrish , 1995 . Measured foresets for Permian eolianites of the Colorado Plateau (Peterson 1988) and Anadarko Basin (Kocurek and Kirkland 1998) coincide with a dominant northeasterly paleowind direction. Karst associated with sequence boundaries in the San Andres Formation (e.g., Kerans and Fitchen 1995) and the Grayburg Formation (this study) attest to episodic development of coastal meteoric aquifer systems during sea-level lowstands.
DEFINITIONS
The high-frequency cycle is the basic stratigraphic unit in this study and refers to the smallest-scale upward-shallowing facies succession that can be correlated across different facies tracts. High-frequency cycles record a single episode of rise and fall in relative sea level (e.g., Grotzinger 1986; Read et al. 1986; Koerschner and Read 1989; Kerans and Tinker 1997) equivalent to the fifth-order cycles of Goldhammer et al. (1990) . The high-frequency cycle is analogous to the parasequence (Van Wagoner et al. 1987; Van Wagoner et al. 1990 ). Grayburg high-frequency cycles range from 0.5 to 10 meters in thickness.
Composite cycles contain several high-frequency cycles arranged into a larger-scale transgressive-regressive succession bound by marine flooding surfaces that may coincide with sequence boundaries. Composite cycles differ from cycle sets Tinker 1997, 1999; Tinker 1998) or parasequence sets (Van Wagoner et al. 1987; Van Wagoner et al. 1990) in that composite cycles define an intermediate-scale transgressiveregressive cycle, whereas cycle sets and parasequence sets display a consistent progradational, retrogradational, or aggradational stacking trend. Grayburg composite cycles are 4 to 12 meters thick.
A high-frequency sequence is a larger-scale cycle composed of genetically related, high-frequency cycles and composite cycles and bounded by unconformities or correlative unconformities (e.g., Mitchum 1977; Mitchum and Van Wagoner 1991) . High-frequency sequences contain lowstand and transgressive systems tracts separated by a maximum flooding surface from the highstand systems tract. Composite cycles and high-frequency sequences lie within the range of fourth-order cycles (Goldhammer et al. 1990 ). Grayburg high-frequency sequences are 30 to 45 meters thick.
The composite sequence (e.g., Mitchum and Van Wagoner 1991) is the lowest order cyclicity considered by this study and is comparable to a depositional sequence (e.g., Mitchum et al. 1977; Vail et al. 1977; Vail 1987; Van Wagoner et al 1988) . Composite sequences contain several unconformity-bounded high-frequency sequences arranged into a largerscale succession with well-defined lowstand, transgressive, and highstand components. A composite sequence is equivalent to a third-order cycle (Goldhammer et al. 1990 ).
METHODS
The Grayburg Formation data and interpretations presented in this paper are based on more than 4100 meters of vertical section described at Plowman Ridge, West Dog Canyon, and Cork Draw in the Brokeoff Mountains in southeastern Otero County, New Mexico (Fig. 5) . Although precursor limestones are replaced by dolomite, well-preserved original rock fabrics can be identified readily in the field. Facies were described from outcrop in conjunction with standard petrographic thin sections of rock samples. We utilize Dunham's (1962) carbonate rock classification system with Lucia's (1995) modification that subdivides packstones into mud-dominated and grain-dominated fabrics.
Initial stratigraphic analysis of the Grayburg Formation was based on exposures from Plowman Ridge, a 6.5-km-long, north-trending ridge that parallels depositional dip (Fig. 5) . Vertical sections through the Grayburg were measured and described (e.g. , Fig. 6 ); interpreted high-frequency cycles, cycle sets, and high-frequency sequences were physically correlated by walking out bedding surfaces and by tracing the strata on oblique photographs. The Plowman Ridge stratigraphic cross section (Fig. 7) is based on high-quality exposures with excellent lateral continuity. FIG. 4 .-Stratigraphic framework of the Leonardian through Guadalupian carbonate platform succession in the Guadalupe and Brokeoff mountains region, compiled by Kerans et. al. (1992) and Kerans et al. (1993) , updated by more recent work (Kerans et al. 1994; Kerans and Fitchen 1995) . The Grayburg study area is landward of the San Andres and Grayburg platform margins.
Measured sections of the Grayburg from West Dog Canyon and Cork Draw, 1.0 km and 3 km west of Plowman Ridge across depositional strike, extend the Grayburg stratigraphy throughout the study area.
Detailed stratigraphic analysis and facies mapping within the highfrequency cycle-scale chronostratigraphic framework focused on Grayburg HFS 2 (30 to 35 meters thick) on Plowman Ridge and West Dog Canyon (Figs. 8, 9 ), two dip-oriented outcrops with laterally continuous exposures. Within these two windows, closely spaced (30 to 125 meters) vertical sections were described and measured. As in mapping formation tops, some cycle tops were mapped in the field before facies were described in detail. In most cases, both high-frequency cycle tops and facies were mapped at the same time. High-frequency cycle tops and lithofacies were physically correlated between adjacent measured sections by walking out high-frequency cycle tops, bedding surfaces, and facies contacts, and by recording the stratal relationships on large-scale (1:100 to 1:200) oblique photographs. Every correlation line and facies contact in the detailed window cross sections was examined and recorded in the field. In areas outside the detailed window along Plowman Ridge, some correlations were made by tracing strata on large-scale oblique photographs; gaps in the outcrop exposure from cover required some correlations to be made between these sections based on stratigraphic interpretations. Boyd (1958) conducted the first comprehensive geologic mapping of Permian strata in the Brokeoff Mountains. Boyd recognized the platformto-basin stratigraphic relationships in the upper San Andres Formation and picked the San Andres-Grayburg formational contact using a poorly defined color change. From exposures in Last Chance Canyon, Hayes (1964) subsequently picked the top of the San Andres Formation at an angular unconformity between carbonate clinoforms of the upper San Andres and flat-lying, siliciclastic Grayburg strata. Sarg and Lehmann (1986) interpreted this formational contact as a sequence boundary.
PREVIOUS WORK AND SEQUENCE STRATIGRAPHIC FRAMEWORK
Based on the Last Chance Canyon exposures, Sonnenfeld (1991 Sonnenfeld ( , 1993 Andres sequence boundary and onlapping Grayburg strata, indicating at least 15 meters of sea-level fall following San Andres deposition. On Algerita and Shattuck escarpments, these stratal relationships indicate a sea-level fall of more than 30 meters (Kerans and Nance 1991) . A similar magnitude of sea-level fall is documented in the Brokeoff Mountains, where paleokarst dolines extend 30 meters below the San Andres-Grayburg sequence boundary (Fitchen 1993) . Boyd (1958) mapped the Grayburg and Queen formations as an undifferentiated succession. Hayes (1964) placed the top of the Grayburg below a ''locally conspicuous sandstone'' assigned to the Queen Formation. Sarg and Lehmann (1986) interpreted the top of the Grayburg to represent a sequence boundary. Because subaerial exposure features are only locally expressed along this surface, however, this contact is probably inconsistently mapped throughout the area, particularly in areas with poor outcrops (Kerans and Nance 1991) . Limited exposure of the uppermost Grayburg on Plowman Ridge and in West Dog Canyon made it difficult for us to unequivocally locate the Grayburg-Queen sequence boundary. Near the top of Plowman Ridge, tepee-pisolite-fenestral and algallaminated facies (uppermost Grayburg?) with grikes filled with dolomitic quartz siltstone and sandstone are unconformably overlain by recessively weathered, yellow-brown to pink, thin-bedded sandstones that we interpret to be the lowermost Queen Formation. Sarg and Lehmann (1986) interpreted the Grayburg Formation to be a third-order depositional sequence. Kerans and Nance (1991) subdivided this sequence into lowstand/transgressive and highstand systems tracts. Kerans et al. (1992) and Kerans et al. (1993) reinterpreted the Grayburg to be a composite sequence composed of two high-frequency sequences (Guadalupian HFS 14 and 15) and placed the maximum flooding surface of Kerans and Nance (1991) at the transgressive base of Guadalupian HFS 15.
In the study area, the Grayburg Formation thins to 115 meters in the most landward exposures, thickening seaward to 180 meters at the southern terminus of Plowman Ridge. On the Western Escarpment, 10 km basinward of the study area (Fig. 3) , the Grayburg Formation attains a thickness of more than 365 meters (Fekete et al. 1986; Franseen et al. 1989 ). On the Western Escarpment, the lowermost 85 meters of the Grayburg is composed of progradational clinoforms overlain by more than 275 meters of flat-lying strata that record a shift from progradational to aggradational deposition (Fekete et al. 1986; Franseen et al. 1989) . Erosional truncation of the Grayburg margin along the Western Escarpment makes it impossible to determine the precise location of the original depositional margin and whether the margin exhibited a ramp or a rimmed shelf morphology (sensu Read 1985) . Relief on the Grayburg margin is estimated to be at least 200 to 300 meters (Fekete et al. 1986; Franseen et al. 1989 ). 
J S R MAJOR LITHOFACIES
Mixed carbonate and siliciclastic rocks of the Grayburg Formation were grouped into seven major end-member lithofacies: (1) fusulinidpeloid mud-dominated packstone-wackestone; (2) mudstone and skelpeloid wackestone; (3) skel-peloid and pel-ooid mud-dominated packstone; (4) pel-ooid grain-dominated packstone; (5) ooid grainstone; (6) tepee-pisolite-fenestral and algal-laminated facies; and (7) quartz sandstone and quartz sand-rich occurrences of the above carbonate lithofacies. Major lithofacies (Figs. 10, 11, 12) are described in Table 1 .
Fusulinid-Peloid Mud-Dominated Packstone-Wackestone
Fusulinid-peloid mud-dominated packstone-wackestone facies (Table 1, Fig. 10A ) are relatively uncommon in the platform interior Grayburg strata of the study area (Fig. 4) . Fusulinid-rich facies are abundant in locales seaward of the San Andres platform margin; e.g., the Western Escarpment (Fekete et al. 1986; Franseen et al. 1989 ) and the downdip southern end of Shattuck Escarpment (Kerans and Nance 1991) . Similarly, in the subsurface Grayburg of the Central Basin Platform, fusulinid facies dominate outer-ramp strata of the lower Grayburg (e.g., Ruppel and Bebout 2001) .
The basinward distribution, along with the abundant carbonate mud, open marine fauna, lack of current-generated sedimentary structures, and intense bioturbation, indicate a low-energy, outer-ramp depositional environment. In the lower San Andres Formation, fusulinid-rich facies are confined to the middle and lower portions of progradational rampmargin clinoforms; reconstructed depositional profiles from the basinward-dipping stratal surfaces indicate water depths of 10 to 120 meters for this facies (Kerans and Fitchen 1995) . This facies is thus interpreted to record maximum transgressive water depths on the shallow-water Grayburg platform. Consequently, fusulinid-peloid mud-dominated packstone-wackestone facies are stratigraphically significant for interpreting longer-term accommodation trends. 
Mudstone and Skel-Peloid Wackestone
Carbonate mudstone and skel-peloid wackestone facies (Table 1) occur locally. True mud-supported fabrics are uncommon in the Grayburg and a relict peloid-supported fabric is usually evident. Mudsupported fabrics record low-energy settings but otherwise provide little direct evidence of depositional environment; consequently, this facies probably records more than one depositional setting. Admixed skeletal material, including crinoids and fusulinids, in outer-platform skel-peloid wackestones suggest proximity to open marine conditions. In platform interior locations, carbonate mudstone is associated with tepee-pisolitefenestral and algal-laminated facies, implying a restricted shallow subtidal to peritidal environment.
Skel-Peloid and Pel-Ooid Mud-Dominated Packstone
Skel-peloid and pel-ooid mud-dominated packstone (Table 1 , Fig. 10B ) is the most abundant carbonate facies in the study area (Fig. 7) . Carbonate mud and compacted pseudomatrix completely occlude interparticle pore space. Because of bioturbation, compaction, and dolomitization, peloids can be difficult to distinguish from mud matrix.
The interparticle carbonate mud, admixed crinoids and fusulinids, and the extensive biotic reworking indicate a low-energy subtidal environment. This facies records dominantly quiet-water deposition below fairweather wave base on the middle ramp, and/or a restricted setting protected by seaward ramp-crest shoals.
Pel-Ooid Grain-Dominated Packstone
Pel-ooid grain-dominated packstones (Table 1) are grain-supported rocks that contain minor amounts of carbonate mud; ooids (150 to 400 mm) and peloids (60 to 150 mm) are the dominant grain type (Fig. 10D ). Cross-stratification is poorly developed or absent. Carbonate mud partially occludes interparticle pores. Grain-dominated packstone lies stratigraphically above skel-peloid and pel-ooid mud-dominated packstone facies and is overlain by ooid grainstone. Grain-dominated packstone passes basinward into skel-peloid and pel-ooid mud-dominated packstone facies and grades landward into ooid grainstone.
Pel-ooid grain-dominated packstone facies record shoaling into a relatively higher energy environment. Grain-supported fabrics with minor amounts of interparticle mud record a well-winnowed depositional setting, the admixed carbonate mud may have been introduced by bioturbation, which obscured or destroyed primary current stratification. Ooid Grainstone
Ooid grainstone (Table 1, Figs. 10C, E, B) facies are especially abundant in HFS 2, both in outcrop ( Fig. 7) and in the subsurface. Well-sorted ooid grains are 150 to 400 mm in diameter (Fig. 10F ). Ooid grainstones are characterized by current stratification features, described in Table 1 . The lower contact of ooid grainstones is gradational with underlying pel-ooid grain-dominated packstones, gradational to abrupt with underlying skel-peloid and pel-ooid mud-dominated packstones and quartz sandstones, and abrupt with underlying fusulinid-peloid muddominated packstone-wackestone facies. The upper contact of ooid grainstone facies is generally sharp, except where it grades upward into overlying tepee-pisolite-fenestral and algal-laminated facies.
Ooid grainstones form sheet-like bodies or channel-form units. Sheetlike bodies consist of stacked medium to thick beds that are amalgamated into successions up to 4 meters thick. Cross strata predominantly dip basinward whereas contacts between individual stacked beds dip landward. These units are laterally continuous for up to 1 km or more. For example, the grainstone body in Grayburg HFS 2 high-frequency cycle 12 ( Fig. 13 ) is oriented parallel to depositional strike and is laterally continuous for at least 1000 meters across strike and more than 1200 meters along dip. These amalgamated grainstone units locally are interrupted by thin (less than 0.3 meters thick) intervals of bioturbated pel-ooid grain-dominated packstone and skel-peloid and pel-ooid muddominated packstone, some of which exhibit lateral continuity of a few hundred meters (Fig. 8 ) forming potential internal reservoir baffles.
Grainstone channels are up to 4.5 meters thick, with sharp erosional bases that downcut underlying strata (Fig. 11C ). The channels are up to several hundred meters wide, oriented parallel to depositional dip ( Fig. 14) , and extend for at least thousands of meters in a dip direction. Syndepositional relief is at a maximum in these high-energy channels and bars; individual large-scale bedforms have up to 3 to 5 meters of relief from topset to toeset.
Ooid grainstones are interpreted to record high-energy conditions above fair-weather wave base. Ooid grainstones are stratigraphically significant because they are a sensitive indicator of high-energy, shallowwater deposition on the ramp crest and their distribution through successive high-frequency cycles reflects longer-term accommodation trends.
Tepee-Pisolite-Fenestral and Algal-Laminated Facies
Tepee-pisolite-fenestral and algal-laminated facies (Table 1,  Figs. 10G, H, 11A), described by Tye (1986) occur throughout the Grayburg. Although they form successions up to 5.5 meters thick, they commonly exhibit poor lateral continuity (less than several hundred meters). These facies grade landward into skel-peloid and pel-ooid muddominated packstone and basinward into pel-ooid grain-dominated packstone and ooid grainstone. Tepee-pisolite-fenestral and algallaminated facies are locally interbedded with skel-peloid and pel-ooid mud-dominated packstone, pel-ooid grain-dominated packstone, ooid grainstone, and quartz sandstone. The upper bounding surface of the tepee-pisolite-fenestral and algal-laminated facies typically is sharp (Fig. 11A ) and displays local erosional truncation and small-scale karst (Fig. 12G ). This facies is abruptly overlain by fusulinid-peloid muddominated packstone-wackestone, skel-peloid and pel-ooid mud-dominated packstone, pel-ooid grain-dominated packstone, ooid grainstone, or quartz sandstone.
Tepee structures, pisolites, fenestrae, desiccation cracks, and sheet cracks are associated with subaerial exposure in an upper peritidal to supratidal setting (Tye 1986 ). Botryoidal aragonite cements attest to an evaporative marginal marine environment. Tepee-pisolite-fenestral and algal-laminated structures overprint precursor sediments, including skelpeloid and pel-ooid mud-dominated packstone, pel-ooid grain-dominated packstone, ooid grainstone, and quartzose carbonate. These structures are best developed at the top of these units, grading downwards into more diffuse, poorly defined structures.
Thick accumulations of tepee-pisolite-fenestral and algal-laminated facies on the ramp crest represent grainstone and packstone shoals that formed paleohighs that were subsequently overprinted by marine vadose diagenesis. Interbedded grainstone and packstone beds attest to flanking subtidal facies. Tepee-pisolite-fenestral and algal-laminated facies are stratigraphically significant because they record platform aggradation to intertidal and supratidal environments and thus are an indicator of longer-term accommodation trends. Erosional truncation and small-scale karst at the tops of these units record subaerial exposure. Where these unconformable surfaces are abruptly overlain by transgressive outerramp fusulinid-peloid mud-dominated packstone and wackestone facies, this abrupt landward facies tract offset is interpreted to delineate the transgressive portion of the ensuing cycle.
Quartz Sandstone and Mixed Siliciclastic-Carbonate Facies
Siliciclastics in the Grayburg (Table 1) are represented by quartz sandstone, quartzose dolomite, and dolomitic sandstone. Quartz sandstones and mixed siliciclastic-carbonate facies contain coarse quartz silt to very fine-to medium-grained quartz sand, minor feldspar grains, and variable admixtures of dolomitized carbonate material (Fig. 12E, F) . Siliciclastic fines (fine silt to clay) are absent. A wide range of sedimentary structures is observed (Table 1) , including trough cross-lamination (Fig. 12A ), large-scale accretionary foresets (Fig. 12B) , burrowing and bioturbation, millimeter-scale wavy to crinkly algal lamination (Fig. 12C) , and polygonal desiccation cracks (Fig. 12D) .
Siliciclastic-carbonate admixtures range from less than 10 percent to more than 90 percent quartz sand. Quartz sandstones, as designated in this study, contain more than 60 percent quartz sand; the carbonate content and sedimentary structures were used to modify their description. Mixed siliciclastic-carbonate rocks containing less than 30 to 40 percent quartz sand were classified according to their carbonate depositional texture and major carbonate grains.
Quartz sandstone units typically are laterally continuous for several kilometers and form prominent marker beds that can be easily traced and correlated throughout the study area. This lateral continuity is comparable to analogous sandstone units in the Yates and Tansill formations in the Guadalupe Mountains (Borer and Harris 1989; Candelaria 1989 ). In the subsurface Grayburg (of South Cowden Field), siltstone and sandstone beds can be correlated throughout most of the 15 km 2 field area (Ruppel and Bebout 2001) . The very fine to medium sand size, the good sorting, the well-rounded medium-size quartz sand grains, and the mineralogical maturity implies that the siliciclastic fraction was transported by wind during sea level lowstands (Fischer and Sarnthein 1988) . Evidence for subaerial exposure in subjacent facies includes tepee-pisolite-fenestral and algal-laminated fabrics, karst (Fig. 12H) , mantling regolith breccias, and quartz sandfilled grikes. Shallow marine reworking of wind-transported quartz sands is indicated by channels, trough cross-lamination (Fig. 12A) , bioturbation, and by admixed skeletal grains, ooids, peloids, and carbonate mud (Fig. 12F) . Quartz sandstones and mixed siliciclastic-carbonate facies are stratigraphically significant because they record sea-level lowstands and subsequent transgression and are useful to interpret longer-term accommodation trends.
STRATIGRAPHIC HIERARCHY
The three levels of stratigraphic hierarchy (high-frequency cycles, composite cycles, and high-frequency sequences) within the Grayburg composite sequence are defined from a dip-oriented cross section by: (1) transgressive-regressive facies relationships; (2) facies stacking patterns in successive high-frequency cycles; (3) evidence of subaerial exposure (e.g., unconformities or paleokarst) at the tops of cyclic successions; and (4) abrupt vertical facies tract offsets at the transgressive base of each highfrequency sequence. This stratigraphic organization cannot be defined adequately by using vertical facies successions or high-frequency cycle thickness stacking patterns from an individual vertical section alone. Moreover, the significance of many stratal surfaces cannot be determined from a single vertical section, but rather it is the lateral continuity and variable expression (e.g., local paleokarst development) of these stratal surfaces across different facies tracts that define their relative importance. After the stratigraphic relationships and hierarchy are defined for an area, however, they can be readily recognized in additional sections, which can then be correlated into the stratigraphic framework.
High-Frequency Cycles
Grayburg high-frequency cycles are 0.5 to 10 m thick, upward-shoaling facies successions. A thin transgressive lag, composed of reworked Photomicrograph of peloid mud-dominated packstone. Scale bar 5 500 mm. Core plug helium porosity 5 1.0%, air permeability 5 0.01 md. C) Outcrop photograph of high-frequency cycle 10 in Grayburg HFS 2. Cycle base is bioturbated ooid-peloid mud-dominated packstone (lower arrow). This grades upward into less intensely bioturbated peloid-ooid grain-dominated packstone (middle arrow). Cycle is capped by cross-stratified ooid grainstone (upper arrow). D) Photomicrograph of pel-ooid grain-dominated packstone. Scale bar 5 500 mm. Interparticle pore space is largely occluded by carbonate mud and cement. Core-plug helium porosity 5 1.9%, air permeability 5 0.01 md. E) Outcrop photograph of high-frequency cycle 12 in Grayburg HFS 2. Bioturbated dolomitic sandstone at cycle base is abruptly overlain by cross-stratified ooid grainstone, which caps cycle. F) Photomicrograph of ooid grainstone. Scale bar 5 500 mm. Primary interparticle pore space accounts for high porosity and permeability. Core-plug helium porosity 5 12.0%, air permeability 5 25.6 md. G) Outcrop photograph of laminar fenestral dolomite near top of Grayburg HFS 1. H) Photomicrograph of tepee-pisolite-fenestral facies. Scale bar 5 2 mm. Matrix consists of pisoids, pelleted (microbial?) mud, and mud with a clotted fabric. Interparticle, fenestral, and early fracture pores are nearly completely occluded by fibrous to inclusion-rich, early marine cement. Core-plug helium porosity 5 1.0%, air permeability 5 0.01 md. sediment and intraclasts from the underlying cycle, occurs at the base of some high-frequency cycles. Grayburg high-frequency cycles typically are asymmetric, consisting of basal low-energy, carbonate mud-rich, bioturbated facies succeeded by more proximal facies. Some high-frequency cycle tops display in situ breccias, sand-filled grikes, paleokarst (Fig. 12G,  H) , desiccation cracks (Fig. 12D) , and erosional truncation. Cycle tops typically are abruptly overlain by low-energy facies at the base of the ensuing cycle.
Grayburg high-frequency cycles exhibit diverse facies, facies proportions, sedimentary structures, and bounding stratal surfaces. Within a single high-frequency cycle, the component lithofacies and facies proportions may vary significantly at different locations along the depositional profile. For example, in high-frequency cycles 4 and 5 (Figs. 8, 9 ) carbonate-dominated facies at one location pass laterally into equivalent, mixed carbonate-siliciclastic facies, which, in turn, grade laterally into siliciclastic-dominated facies.
In a low-accommodation, shallow-water setting landward of the platform margin, high-frequency cycles typically are asymmetric, with abrupt bases of low-energy, mud-rich, bioturbated facies that reflect maximum flooding followed by successively more proximal facies due to aggradation as sediment infilled accommodation. Fully aggraded highfrequency cycles are capped by peritidal facies. High-frequency cycles are capped by abrupt stratal surfaces that indicate a period of nondeposition, erosion, and/or subaerial exposure prior to transgression by the ensuing cycle.
The preservation potential of high-frequency cycles reflects long-term accommodation, constituent lithology, and the depositional environment of transgressive facies in the overlying cycle. High-frequency cycles deposited during periods of low accommodation are less likely to be preserved due to sediment reworking in an accommodation-limited setting. High-frequency cycles composed of carbonate are more likely to be preserved, because carbonates tend to be indurated by early cementation during subaerial exposure. High-frequency cycles composed of quartz sandstone are less likely to be preserved, because unconsolidated quartz sand is readily reworked by burrowing organisms and currents during the ensuing transgression. For example, anomalously thick successions (up to 10 m) of massive quartz sandstone that display no internal vertical facies successions may reflect amalgamation of several vertically stacked cycles. High-energy tidal channel and shoal facies tracts are more likely to rework underlying sediments of the subjacent highfrequency cycle than overlying low-energy, distal facies.
Representative end-member high-frequency cycle types from a measured section on Plowman Ridge (PR-2) are illustrated in Figure 15 .
Sandstone-Dominated High-Frequency Cycles.-The base of these cycles is composed of bioturbated quartz sandstone, with admixed carbonate, including mud, peloids, fusulinids, and other skeletal grains. In one example (Fig. 15A) , bioturbated sandstone passes upward into trough cross-stratified sandstone, which is capped by wavy-laminated dolomitic sandstone. Some sandstone-dominated high-frequency cycles are capped by algal stromatolites (Fig. 12C) . Erosional truncation, breccias, and desiccation cracks (Fig. 12D) cap some high-frequency cycles.
Bioturbated quartz sandstones with admixed carbonate mud, grains, and skeletal material record reworking of eolian quartz sands (e.g., Fischer and Sarnthein 1988) in a low-energy subtidal setting. Trough cross-stratified sandstones indicate aggradation (or a fall in relative sea level) into a high-energy shallow subtidal environment. Accommodation infilling to a peritidal environment is evidenced by wavy to crinkly laminated sandstones that reflect binding by algal mats and by local fenestrae and pisoids. Desiccation cracks and breccias capping some highfrequency cycles attest to subaerial exposure.
Some sandstone-dominated high-frequency cycles do not exhibit a welldefined, upward-shoaling trend, for example, sandstone units composed entirely of bioturbated massive sandstone. In such cases, the existence of internal cyclicity must be inferred from the depositional model. For example, a thick, laterally continuous bed of quartz sandstone above a carbonate unit implies a fall in relative sea level and eolian transport of quartz sand prior to subtidal reworking during the ensuing transgression.
Mixed Carbonate-Sandstone High-Frequency Cycles.-These cycles typically contain basal quartz sandstones or dolomitic quartz sandstones that grade upward into carbonate-dominated lithologies. In one example (Fig. 15B) , the cycle base consists of bioturbated quartz sandstone with fusulinids. This is succeeded by dolomitic sandstone with increasingly abundant admixed carbonate grains that grades upward into a quartzose pel-ooid grain-dominated packstone. The top of this high-frequency cycle is a quartzose cross-stratified ooid grainstone. Another example of a mixed carbonate-sandstone high-frequency cycle (Fig. 10E) shows bioturbated quartz sandstone abruptly overlain by an ooid grainstone. Some mixed carbonate-sandstone high-frequency cycles are capped by algal-pisolitic-fenestral quartzose facies with intraclasts and pisoids. High-frequency cycle tops locally display small-scale karst, grikes, and erosional truncation.
In mixed carbonate-sandstone high-frequency cycles, the carbonate fraction typically becomes increasingly dominant upwards, interpreted to reflect diminishing siliciclastic influx as sea level rose and in situ carbonate production increased. High-frequency cycles capped by peritidal facies fully aggraded to intertidal and supratidal depositional environments. Small-scale karst and grikes record subaerial exposure.
Carbonate-Dominated High-Frequency Cycles.-These cycles typically have skel-peloid and pel-ooid mud-dominated packstone facies with intense bioturbation at the base. Skeletal grains are locally abundant. These mud-rich facies pass upward into better sorted, grain-dominated packstone and grainstone. Burrowing decreases upward as current stratification becomes increasingly dominant. An example of this type of high-frequency cycle (Figs. 10C, 15C) shows bioturbated mud-rich facies succeeded by pel-ooid grain-dominated packstone which grades upward into trough and accretionary cross-stratified ooid grainstone. Fully aggraded carbonate-dominated high-frequency cycles are capped by peritidal facies.
Skel-peloid and pel-ooid mud-dominated packstone facies at the cycle base record a low-energy, subtidal setting during flooding. Fusulinids and pelmatozoans attest to an open marine environment. Carbonate mud content decreases upward, and the transition from pel-ooid graindominated packstone to overlying grainstones with trough and accretionary cross-stratification reflects increasingly higher energy deposition. Fully aggraded tidal flat-capped high-frequency cycles record supratidal environments; local subaerial exposure is evidenced by small-scale karst and grikes. 
Composite Cycles
Composite cycles (4 to 12 meters thick) consist of two or more highfrequency cycles arranged into intermediate-scale, transgressive-regressive successions (Figs. 8, 9 ). At the base of each composite cycle, facies typically consist of fusulinid-peloid or skel-peloid mud-dominated packstone with admixed quartz sand or fossiliferous quartz sandstone. High-frequency cycles in the upper portion of composite cycles contain increasing proportions of more proximal facies, including ooid grainstone and fenestral-pisolite and algal-laminated facies (Figs. 8, 9 ). Small-scale karst locally caps the composite cycles.
Composite cycles subdivide the high-frequency sequences into intermediate-scale cyclic successions within the longer-term accommodation trend imposed by the high-frequency sequences. Transgressive facies at the base of the composite cycles are succeeded by more proximal ooid grainstone and fenestral-pisolite and algal-laminated facies, interpreted to represent successive infilling of accommodation to shallow subtidal and peritidal environments. Local karst records subaerial exposure following deposition. For many composite cycles, however, the landward facies tract offset at the transgressive base of the overlying composite cycle is the defining aspect of the composite cycle top. This landward facies-tract offset is greater in magnitude than that for high-frequency cycles within the composite cycle.
In the subsurface with widely spaced well control, it can be difficult to identify and correlate individual high-frequency cycles, whereas composite cycles can be more readily recognized. For example, the highfrequency cycle tops within the composite cycle are less well developed than the tops of the composite cycles. In the study area, high-frequency cycles are best developed on the ramp crest. Off the crest, high-frequency cycles may become less well developed so that the composite cycle may be the smallest stratigraphic unit that can be recognized and correlated. Composite cycles also are useful chronostratigraphic units where cycle amalgamation has occurred. Amalgamation is restricted to highfrequency cycles within a composite cycle, and cycle amalgamation does not occur across composite cycle boundaries, retaining the integrity of these chronostratigraphic surfaces.
High-Frequency Sequences
Grayburg high-frequency sequences recognized by this study follow the definition of Mitchum (1977) and Mitchum and Van Wagoner (1991) . Because the Grayburg accumulated landward of the shelf margin (Fig. 4) , sequences consist of a transgressive systems tract separated by a maximum flooding surface from the highstand systems tract. Except for the lowermost Grayburg, which onlaps the San Andres shelf margin, the high-frequency sequences do not display diagnostic stratal terminations (e.g., onlap, offlap, and toplap) due to limited accommodation in the relatively flat-lying, shallow-water setting (Fig. 7) . The Grayburg highfrequency sequences are primarily recognized from facies stacking patterns in successive high-frequency cycles. Each high-frequency sequence contains at its base an unconformity, overlain by a retrogradational succession of high-frequency cycles, succeeded by an aggradational to progradational succession of high-frequency sequences, and capped by an unconformity.
Stratigraphically significant facies for interpreting the accommodation trends of the high-frequency sequences include: (1) fusulinid-peloid muddominated packstone-wackestone facies, which record transgression and maximum water depths; (2) ooid grainstones, which indicate aggradation to a shallow-water, high-energy setting; (3) tepee-pisolite-fenestral and algal-laminated facies, which document platform aggradation to intertidal and supratidal environments; and (4) quartz sandstones and mixed siliciclastic-carbonate facies, which represent eolian transport during sea-level lowstands and subsequent subtidal reworking during transgression.
Unconformity-related subaerial exposure is directly indicated by paleokarst and grikes and can be inferred from overlying lowstandtransported quartz sands. An abrupt landward facies-tract offset overlying an unconformity is one of the more diagnostic features of the sequence boundary. For example, at the base of HFS 2 (Fig. 8) , transgressive fusulinid-peloid mud-dominated packstone-wackestone facies overlie karsted tidal flat facies of underlying HFS 1, defining the lower sequence boundary.
We interpret four high-frequency sequences (HFS 1-4), each 30 to 45 meters thick, in the Grayburg Formation (Fig. 7) . Correlation of our stratigraphic framework with previous studies that subdivide the Grayburg into 2 sequences (Kerans et al. 1992; Kerans et al. 1993) indicates that our Grayburg HFS 1 and 2 are equivalent to their Guadalupian HFS 14 and our Grayburg HFS 3 and 4 are correlative with their Guadalupian HFS 15. Given that the Grayburg composite sequence is approximately 1 Myr in duration (Ross and Ross 1987) , the four Grayburg highfrequency sequences may correspond to fourth-order depositional cycles (sensu Goldhammer et al. 1990 ). The four Grayburg sequences are thought to be equivalent to the four sequences interpreted from the subsurface Grayburg, for example, in Maljamar Field on the northern shelf of the Delaware Basin (Modica 1997 ) and on the Central Basin Platform in South Cowden Field (Ruppel and Bebout 2001) , North Cowden Field (Entzminger et al. 2000) , and Foster Field (Kerans, personal communication 1995) . These regional correlations suggest that the Grayburg high-frequency sequences represent intermediate-scale cyclicity in relative sea level superimposed on the longer-term accommodation trend recorded by the third-order Grayburg composite sequence (Fig. 6 ).
GRAYBURG STRATIGRAPHIC AND FACIES ARCHITECTURE

Grayburg HFS 1
Description.-The lowermost Grayburg onlaps the San Andres Formation (Fig. 7) and consists of skeletal-rich quartz sandstones and quartzose carbonates that are trough cross-stratified or bioturbated. These subtidal facies cap high-frequency cycles, with local paleokarst and grikes occurring at the cycle tops. At the top of HFS 1, laterally extensive algal-laminated and fenestral-pisolite facies (Figs. 8, 9 ) are succeeded by an erosional surface with local paleokarst (Fig. 12G) . The isopach map for this interval (Fig. 16 ) displays a basinward increase in thickness. r   FIG. 12. -A) Outcrop photograph of quartz sandstone with small-scale trough cross-stratification. B) Outcrop photograph of quartz sandstone with large-scale accretionary foresets interpreted to be relict eolian dune. C) Outcrop photograph of wavy to stromatolitic algal laminae in dolomitic sandstone near top of high-frequency cycle. Knife handle is approximately 8 cm long. D) Outcrop photograph of polygonal desiccation cracks in dolomitic sandstone filled with siliciclastic silt and carbonate mud near top of high-frequency cycle. E) Photomicrograph of well-sorted quartz sandstone. Scale bar 5 500 mm. Sediments consist of fine-to medium-grained, rounded to well-rounded, detrital quartz sand and minor peloids. Cements consist of dolomite, quartz overgrowths, and late calcite (stained pink). Porosity includes primary interparticle moldic pores (probably leached feldspar grains). Core-plug helium porosity 5 6.1%, air permeability 5 1.93 md. F) Photomicrograph of quartzose ooid grainstone with very fine-to fine-grained quartz sand. Scale bar 5 500 mm. G) Outcrop photograph of quartzose fenestral dolomite at top of Grayburg HFS 1 cut by karst dissolution dolines infilled by fusulinid-peloid mud-dominated packstone that delineates onset of transgression for HFS 2. H) Outcrop photograph of karsted crossstratified ooid grainstone at top of Grayburg HFS 1 (white arrows). Up to 0.7 meters of relief exists; this surface is overlain by quartz sandstone at the base of HFS 2.
Interpretation.-Grayburg onlap onto the San Andres Formation represents a third-order sequence boundary (Sarg and Lehmann 1986) . Abundant quartz sand in the lower Grayburg reflects eolian siliciclastic influx during subaerial exposure of the San Andres Formation. Highfrequency cycles capped by subtidal facies with subaerial exposure features are interpreted to have been stranded by cyclic falls in relative sea level (e.g., Rankey et al. 1999) . The first widespread carbonate-dominated unit is interpreted to represent maximum flooding. Algal-laminated and fenestral-pisolite facies near the top of HFS 1 record aggradation to an upper peritidal to supratidal setting. The erosional surface with local paleokarst at the top of HFS 1 is a sequence boundary that was subsequently transgressed by the base of HFS 2.
The onlapping geometries of lowermost Grayburg strata indicate that the basinward-thickening trend reflects depositional relief on the seaward-dipping top of the San Andres platform. Antecedent topography was infilled by the end of HFS 1, as evidenced by well-developed peritidal to supratidal facies at the top of HFS 1 and by the relatively uniform thickness of overlying HFS 2 (Fig. 17) .
Grayburg HFS 2
Detailed stratigraphic analysis focused on Grayburg HFS 2 because this interval contains grain-dominated packstone and grainstone facies of interest in reservoir characterization due to their high porosity and permeability. The stratigraphic succession is similar for the Plowman Ridge and West Dog Canyon locations, although they display differences in facies and high-frequency cycle development (Figs. 8, 9 ). These disparities reflect the slightly different platform location and depositional variability along strike.
Transgressive Systems Tract: Description.-The base of HFS 2 (Figs. 8,  9 ) is a fusulinid-peloid mud-dominated packstone-wackestone to fusulinid-bearing dolomitic sandstone. Quartz sand is abundant in the lower TST. Incised channels are common; the largest occurs in West Dog Canyon where algal-laminated and fenestral-pisolite facies are downcut 4.5 meters (Fig. 9 ). This channel (Fig. 11C) contains ooid-intraclast grainstone with sigmoidal and herringbone cross-stratification and is oriented parallel to depositional dip (Fig. 14) .
Fusulinid-peloid mud-dominated packstone-wackestone facies in successive high-frequency cycles display retrogradational relationships and are ultimately succeeded by a widespread unit of this facies (Figs. 8,  9 ).
Transgressive Systems Tract: Interpretation.-Fusulinid-rich facies at the base of HFS 2 represent an abrupt landward shift in deposition above karsted peritidal facies in HFS 1. Abundant quartz sand reflects high siliciclastic influx during sea-level lowstands; continued transgression eventually restricted siliciclastic influx. The abundant incised channels and well-developed sigmoidal and herringbone cross-stratification document a tidal influence.
The ooid-intraclast grainstone-filled channel (Figs. 11C, 14) is representative of grainstone facies architecture in the transgressive systems tract. These grainstone bodies typically retain their initial depositional morphologies and were not extensively reworked. Development of ooid bars and tidal channels is comparable to that observed in Holocene carbonates in the Joulters Cay area of the Bahamas (Harris et al. 1993) . The transgressive systems tracts exhibit the greatest lateral heterogeneity of grainstone bodies, many of which formed dip-elongate channels and bars (Harris et al. 1993) . This heterogeneity reflects the tidal setting that dominated during initial transgression, in which ooids were produced and accumulated along dip-oriented tidal channels and bars. Rapid increase in accommodation associated with rising relative sea level Quartz sandstone and mixed siliciclastic-carbonate facies Recessive, slope-forming units, 0.3-10 m thick Very fine-to medium-grained quartz sand, minor feldspar, medium sand grains are well rounded, very fine and fine sand grains are angular, ooids, peloids, fusulinids, crinoids, intraclasts, pisoids resulted in high preservation potential for these dip-elongate grainstone bodies. Landward-stepping fusulinid-peloid mud-dominated packstone facies in the late TST record continued transgression, which culminated in deposition of a widespread unit of this facies during maximum flooding in HFS 2 (Figs. 8, 9 ).
Highstand Systems Tract: Description.-High-frequency cycles in the upper portion of HFS 2 are capped by ooid grainstone beds (Figs. 8, 9 ) up to 4 meters in thickness. The ooid grainstones display dominantly south-dipping accretionary foresets, whereas the contacts between successive stacked beds dip towards the north. The grainstones contain minor amounts of admixed quartz sand.
These grainstone bodies are oriented parallel to depositional strike. For example, the ooid grainstone body in high-frequency cycle 12 attains a maximum thickness of 4.3 meters and forms a strike-elongate shoal (Fig. 13) . The shoal has a dip width of more than 1200 meters and extends for at least 1000 meters across strike.
Tepee-pisolite-fenestral and algal-laminated facies near at the top of HFS 2 (Fig. 11A) are capped by an erosional surface with local paleokarst. This surface is overlain by fusulinid-peloid mud-dominated packstone-wackestone facies at the base of HFS 3 (Fig. 11A, B) . The isopach map for HFS 2 (Fig. 17) indicates minor (, 3 meters) variation in thickness.
Highstand Systems Tract: Interpretation.-The ooid grainstones record a high-energy, ramp-crest environment and are interpreted to represent aggradation to shallow subtidal conditions. Strike-parallel ooid grainstones that are laterally continuous (hundreds of meters to 1 km) along dip and across strike reflect reworking, coalescence, and amalgamation of ooid grainstone bodies in a limited accommodation highstand setting. South-dipping cross laminae and north-dipping contacts between successive stacked beds indicate that the predominant transport direction was to the south and that the shoals within a high-frequency cycle amalgamated by migrating southward and climbing atop the preceding shoal. This is consistent with a northeasterly dominant paleowind direction (Parrish and Peterson 1988; Parrish 1993 Parrish , 1995 and suggests that ooid formation was on the restricted landward side of the ramp crest where salinities were elevated by evaporation. Highstand ooid grainstones typically contain little or no admixed quartz sand, suggesting that communication with the siliciclastic-dominated inner platform was inhibited by fringing grainstone shoals. This interpretation is consistent with observations of Holocene carbonates in the Bahamas (Harris et al. 1993) , where fringing barrier highstand ooid shoals restrict tidal circulation with the platform interior.
Tepee-pisolite-fenestral and algal-laminated wackestone and packstone facies near the top of HFS 2 reflect complete infilling of accommodation. The subaerial exposure surface is interpreted to represent the upper sequence boundary. This surface is transgressed by outer-ramp fusulinid-peloid mud-dominated packstone-wackestone facies at the base of HFS 3.
The isopach map indicates that antecedent relief on the San Andres platform was largely infilled by the end of HFS 1. Changes in thickness in HFS 2 coincide with the thickness trends in the ooid grainstone bodies and thus reflect syndepositional relief due to depositional processes such as sediment production and accumulation on high-energy ramp-crest shoals.
Grayburg HFS 3
Description.-The base of Grayburg HFS 3 is a regionally correlative interval of fusulinid-peloid mud-dominated packstone-wackestone facies (Figs. 6, 7) . This is the stratigraphically highest occurrence of this facies in the study area. In more distal locations, such as Shattuck Valley, this facies persists throughout HFS 3 (Kerans and Nance 1991) .
The HFS 3 high-frequency cycles consist of cyclically interbedded quartz sandstone and mixed siliciclastic-carbonate facies with skel-peloid and pel-ooid mud-dominated packstone and minor ooid grainstone, some cycles are capped by tepee-pisolite-fenestral and algal-laminated facies. We pick the top of HFS 3 immediately above a unit of tepeepisolite-fenestral and algal-laminated facies (Figs. 6, 7 ). This surface is Interpretation.-The regionally correlative fusulinid-peloid mud-dominated packstone-wackestone unit at the base of HFS 3 records maximum regional flooding in the Grayburg composite sequence (Kerans and Nance 1991; Kerans et al. 1992; Kerans et al. 1993 ; this study); this event is recognized throughout the Permian Basin in outcrop and subsurface (e.g., Ruppel and Bebout 2001) . The paucity of stratigraphically higher fusulinid-peloid mud-dominated packstone-wackestone facies in the study area indicates infilling of long-term accommodation. High-frequency cycles in HFS 3 are aggradational successions of innerramp to middle-ramp facies. The upper sequence boundary of HFS 3 is interpreted to be the top of the tepee-pisolite-fenestral and algallaminated facies. However, due to limited outcrop exposures of this interval, this sequence boundary is poorly constrained. This surface is transgressed by skel-peloid and pel-ooid mud-dominated packstones and ooid grainstones assigned to the base of HFS 4.
Grayburg HFS 4
Description.-There is poor outcrop control for much of HFS 4 in the study area (Fig. 6) . The limited exposures are dominated by a suite of relatively restricted, inner-ramp facies, including massive dolomitic quartz sandstone, skel-peloidal and pel-ooid mud-dominated packstone, and tepee-pisolite-fenestral and algal-laminated facies. Fusulinid-peloid mud-dominated packstone-wackestone facies in HFS 4 are rare in Grayburg strata that accumulated landward of the underlying San Andres margin (this study; Ruppel and Bebout 2001) . In more distal locations basinward of the San Andres margin, outer-ramp fusulinidpeloid packstone facies persist to the Grayburg-Queen sequence boundary (Fekete et al. 1986; Franseen et al. 1989; Kerans and Nance 1991) . On Plowman Ridge, the top of the Grayburg Formation is poorly exposed and is assigned to the top of the uppermost unit of tepeepisolite-fenestral and algal-laminated facies that is overlain by recessively weathered, yellow-brown to pink, thin-bedded sandstones assigned to the lowermost Queen Formation.
Interpretation.-The suite of restricted, inner-ramp facies and the paucity of fusulinid-peloid mud-dominated packstone-wackestone facies are consistent with an interpretation that this interval consists of dominantly aggradational high-frequency cycles that reflect decreasing long-term accommodation in the Grayburg composite sequence. In more basinward locations, outer ramp fusulinid-peloid packstone facies persist to the Grayburg-Queen sequence boundary, reflecting greater accommodation in more distal outer-ramp locations. Sandstones in the overlying Queen Formation represent a major basinward shift in depositional facies. 
DISCUSSION
A significant contribution of this study is the detailed facies distribution with respect to the hierarchical stratigraphy of the highfrequency sequences, composite cycles, and high-frequency cycles. Critical facies for interpreting transgressive-progradational aspects of the accommodation trends include: (1) outer-ramp fusulinid-peloid muddominated packstone-wackestone facies, which record transgression; (2) ramp-crest ooid grainstones, which represent aggradation and progradation to high-energy subtidal environments; (3) tepee-pisolite-fenestral and algal-laminated facies, which indicate aggradation to sea level; and (4) wind-transported quartz sands, which reflect emergence of the platform during sea-level lowstands. There are no facies, however, that are unique to the transgressive or highstand systems tracts. Instead, the systems tracts and high-frequency sequences are defined by the landward and seaward shifts in facies distribution, facies stacking relationships, and bounding flooding surfaces and unconformities.
For example, in HFS 2, quartz sands are most abundant in the transgressive systems tract (Figs. 8, 9 ), recording eolian influx of siliciclastics during prolonged sea-level lowstands and subsequent reworking during the ensuing transgression. Quartz sand is least abundant in high-frequency cycles associated with maximum flooding, because widespread transgression restricted siliciclastic influx. Fusulinidpeloid mud-dominated packstone-wackestone facies occur at the base of high-frequency cycles in both the transgressive and highstand systems tracts. This facies displays a retrogradational distribution in the transgressive systems tract, which culminated in deposition of a widespread unit during maximum transgression. Ooid grainstones are present in both transgressive and highstand strata; however, grainstones are best developed in the highstand, where vertically stacked ooid grainstones in successive high-frequency cycles exhibit progradational relationships. Tepee-pisolite-fenestral and algal-laminated facies locally cap composite cycles in both transgressive and highstand systems tracts. In the study area, this facies is best developed where it occurs at the top of the highfrequency sequences. For example, in HFS 2, tepee-pisolite-fenestral and algal-laminated facies cap an overall progradational succession of ooid grainstone-dominated high-frequency cycles, recording successive infilling of accommodation, followed by an unconformity development during sea-level lowstand.
The stratigraphic entities represented by the high-frequency cycle, composite cycle, and high-frequency sequence are three-dimensional bodies. Although the hierarchical stratigraphy may be initially interpreted FIG. 16 .-Isopach map of HFS 1. In addition to the measured sections indicated by dots, the continuous outcrop exposures between sections were used to generate map. from a vertical section, at minimum, a dip-oriented cross-sectional view is required to fully recognize the hierarchy of stratal surfaces and the landward and seaward facies shifts that define high-frequency cycles and the sequence stratigraphic framework. Evaluation of lateral variation across depositional strike requires information on the shelf orientation and antecedent topography.
The character of the high-frequency cycles and their component facies reflects their platform location. Grayburg strata examined by this study accumulated in shallow-water conditions (0 to 10 meters depth) in a middle-ramp to ramp-crest setting, 10 km landward of the margin. High-frequency cycles are less well developed in the more seaward environments represented by the outer shelf, shelf margin, and foreslope (Fekete et al. 1986; Franseen et al. 1989 ). Landward of the study area, subaerial exposure was more continuous and the interval is dominated by a suite of restricted inner-shelf facies, including quartz sandstone, dolomitic sandstone, and tepee-pisolite-fenestral and algal-laminated facies.
Antecedent topography profoundly influenced facies distribution within the high-frequency sequences, composite cycles, and highfrequency cycles. For example, the break in slope induced by the underlying San Andres shelf margin influenced facies distribution in the lower Grayburg (HFS 1 and 2 ). In the lower Grayburg, below the maximum flooding event in HFS 2, outer-ramp fusulinid-peloid muddominated packstone-wackestone and mudstone and skel-peloid wackestone facies are generally confined to locations seaward of the San Andres margin. Widespread deposition of a fusulinid-peloid muddominated packstone-wackestone unit during maximum flooding in HFS 2 indicates that the antecedent topography in the study area was largely infilled by this time, although more subtle topographic variation continued to influence the location of outer-ramp-crest ooid grainstones and inner-ramp-crest tepee-pisolite-fenestral and algal-laminated facies in the HFS 2 highstand. Smaller-scale variation in antecedent topography caused by depositional processes impacted facies distribution in the highfrequency cycles and composite cycles. For example, in the transgressive systems tract of HFS 2, dip-oriented topographic lows and highs created by channel incision and shoals are maintained in successive highfrequency cycles within a composite cycle. In the highstand systems tract of HFS 2, depositional thicks created by ooid grainstone shoals on the outer ramp crest influence facies distribution in the successive highfrequency cycle.
Detailed characterization of the facies distribution from the Grayburg outcrops demonstrates the application of sequence stratigraphic principles for high-resolution correlation of well-log and core data for characterization of facies heterogeneity in subsurface reservoirs. The high-frequency cycles offer the highest resolution correlation unit to delineate the facies distribution. With widely spaced well data, however, FIG. 17.-Isopach map of HFS 2 displays less pronounced basinward thickening than HFS 1. Local isopach thick in West Dog Canyon represents depositional relief on a ramp-crest ooid shoal that developed at this locale. In addition to the measured sections, the continuous outcrop exposures between sections were used to generate map. recognition and correlation of individual high-frequency cycles becomes more difficult, whereas the more significant facies tract offsets recorded by the composite cycles and high-frequency sequences are readily identified and confidently correlated. This stratigraphic framework then provides a basis for further interpretation of the smaller-scale accommodation trends and potential correlation of the high-frequency cycles.
Stratigraphic analysis indicates general relationships between stratigraphic setting, depositional environment, and facies geometry and lateral continuity. For example, subtidally reworked lowstand quartz sands form laterally continuous units (more than several kilometers). Transgressive low-energy carbonates display similar lateral continuity. Ooid grainstones that accumulated in a transgressive setting formed dipelongate tidal channels and bars that are less than a few hundred meters wide and more than one kilometer in length. Conversely, ooid grainstones that accumulated under highstand conditions formed strike-elongate shoals that are laterally continuous along dip and across strike for one kilometer or more.
Prediction of facies distribution and lateral heterogeneity in areas with sparse well data requires knowledge of the general trend of the platform and the relative position within the cyclic hierarchy. Empirical relationships such as those described above between stratigraphic setting, facies orientation, and lateral continuity can be used to improve subsurface correlations and better populate facies in 3-D geocellular models based on limited well data.
SUMMARY
Mixed siliciclastic and carbonate rocks of the Grayburg Formation accumulated on the shallow-water periphery of the Delaware and Midland basins. Facies record depositional environments including outer-ramp, high-energy ramp crest, restricted inner-ramp, and windtransported lowstand quartz sandstones. Facies successions display vertical and lateral relationships that define four hierarchical scales of sea-level cyclicity.
The entire Grayburg Formation is a composite sequence that records a third-order cycle in eustatic sea level (Ross and Ross 1987) . Grayburg deposition began with onlap onto the San Andres platform and culminated with subaerial exposure, followed by a major basinward shift in facies during deposition of the Queen Formation. The Grayburg composite sequence contains four high-frequency sequences. Each highfrequency sequence corresponds to an intermediate-scale cycle in relative sea level and comprises a retrogradational succession of transgressive facies overlain by a progradational to aggradational succession of highstand facies, capped by a sequence boundary. The high-frequency sequences can be subdivided into composite cycles, intermediate-scale transgressive-regressive successions that contain several high-frequency cycles. High-frequency cycles are the smallest-scale, upward-shoaling facies successions that can be traced laterally across different facies tracts and are interpreted to represent fifth-order cycles in relative sea level.
Detailed characterization of the Grayburg outcrops demonstrates the application of sequence stratigraphic principles for high-resolution correlation and facies mapping, documenting the utility of stratigraphic analysis to interpret and correlate well-log and core data for characterization of geologic heterogeneity in subsurface reservoirs. The highfrequency cycles form the basic unit for high-resolution chronostratigraphic correlation and delineation of facies heterogeneity. Highfrequency cycles, however, may be difficult to confidently correlate using well data at typical 10 to 40 acre well spacings, whereas the longer-term accommodation trends and greater facies tract offsets recorded by the composite cycles and high-frequency sequences allow more confident chronostratigraphic correlations. These larger-scale correlations then provide the framework for further interpretation of the smaller-scale accommodation trends and potential correlation of the constituent highfrequency cycles.
Because depositional fabrics are well preserved in the dolomitized carbonates and quartz sandstones of the Grayburg, porosity and permeability are a function of the original depositional fabric (Lucia 1995) and high-frequency cycles define the basic flow units.
Lateral heterogeneity reflects both larger-scale systematic facies changes and interwell-scale heterogeneity due to geologic complexity. Systematic facies changes that reflect primary environmental and/or depositional controls (e.g., water depth, platform position, accommodation trends) can be characterized with subsurface data, abetted by depositional models where data are sparse. Interwell heterogeneity due to geologic complexity is more difficult to recognize with subsurface data. Appropriate outcrop analogs provide invaluable information on lateral facies dimensions and heterogeneity styles that can be utilized to construct more realistic three-dimensional reservoir models than oversimplified models based on lithofacies correlations forced between wells by linear interpolation.
